Plant-made vaccines have been the subject of intense interest because they can be produced economically in large scale without the use of animal-derived components. Plant-made therapeutic vaccines against challenging chronic diseases, such as cancer, have received little research attention, and no previous human clinical trials have been conducted in this vaccine category. We document the feasibility of using a plant viral expression system to produce personalized (patient-specific) recombinant idiotype vaccines against follicular B cell lymphoma and the results of administering these vaccines to lymphoma patients in a phase I safety and immunogenicity clinical trial. The system allowed rapid production and recovery of idiotypic single-chain antibodies (scFv) derived from each patient's tumor and immunization of patients with their own individual therapeutic antigen. Both low and high doses of vaccines, administered alone or co-administered with the adjuvant GM-CSF, were well tolerated with no serious adverse events. A majority (>70%) of the patients developed cellular or humoral immune responses, and 47% of the patients developed antigenspecific responses. Because 15 of 16 vaccines were glycosylated in plants, this study also shows that variation in patterns of antigen glycosylation do not impair the immunogenicity or affect the safety of the vaccines. Collectively, these findings support the conclusion that plant-produced idiotype vaccines are feasible to produce, safe to administer, and a viable option for idiotypespecific immune therapy in follicular lymphoma patients.
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phase I clinical trial ͉ plant-made pharmaceutical ͉ single-chain antibodies I n recent years, non-Hodgkin's lymphoma (NHL) has become the most common hematologic malignancy in the United States with an estimated 54,000 new cases each year. Approximately 30% of these cases are follicular B cell lymphoma (1) , with a median survival of 8-10 years from diagnosis (2) . Most patients subjected to standard treatments, such as chemotherapy, radiation, or antibodies (2-9), still relapse (10) (11) (12) . Newer approaches have focused on active immunotherapy through vaccination. For B cell lymphoma, the cell-surface Ig (Ig), or idiotype, is the unique tumorspecific antigen. In contrast to passive therapy, an idiotype-induced immune response is (i) highly tumor specific, thus sparing normal cells; (ii) potentially more durable; and (iii) protective against tumor cell variants that might ''escape'' under selective pressure, because the response is polyclonal (13) (14) (15) .
There exists a 20-year history of idiotype vaccination for follicular lymphoma in animal models and clinical trials. The original vaccine manufacturing process, still used today in the majority of clinical research, used a patient's lymphoma B cells to derive a mouse/ human heteromyeloma cell line for production of the tumor's monoclonal idiotype (16) . Once purified, the idiotype antibody was chemically coupled to a highly immunogenic carrier protein, keyhole limpet haemocyanin (KLH), and administered with powerful immune modulatory agents, such as granulocyte-macrophage colony stimulating factor (GM-CSF) (17) (18) (19) . The early studies showed that the administration of idiotype vaccines was safe and resulted in antitumor immune responses (20, 21) . These responses were associated with more durable remissions and survival compared to historical controls (21, 22) .
Because heteromyeloma cell lines are difficult and timeconsuming to produce, more recent approaches used cloning of the tumor-derived cDNA and expression of the rearranged variable regions of the tumor idiotype (13, 23, 24) . These idiotype fragments are typically cloned into a vector containing the Ig constant regions, and the resulting mAb is expressed in a mammalian or insect cell-based system. These animal cell culture-based recombinant Ig vaccines are under evaluation in phase III trials. Limitations of this approach still include cell culture expression of complex Ig proteins, expensive and lengthy culturing methods, and the need for KLH conjugation for successful immunity.
To simplify the production of idiotype vaccines, we expressed the single-chain form of the idiotype (scFv), which includes only the V H /V L domains and no constant regions, in a polypeptide of Ϸ30 kDa. In previous studies, scFv vaccines composed of either protein or DNA were shown to elicit anti-idiotype responses in animals (23, 25, 26) and were effective in blocking tumor progression in mouse models of lymphoma. We created a plant virus-based expression vector that could rapidly direct plants to produce high quantities of properly folded scFv corresponding to the 38C13 murine lymphoma model (27) . Vaccination of mice with the 38C13 scFv purified from plants induced protective immunity against lymphoma challenge in the absence of KLH or other immune enhancing agents. Of the scFv vaccines derived from human lymphomas tested to date, Ͼ86% have been effectively manufactured by using this plant production system (28) , which is comparable to standard hybridoma methods (29) . Nonhybridoma methods, such as those reported in Redfern et al. (30) , have claimed production rates of 100% (40/40) . Such rates may be exceptions, because other rates are more comparable to our findings. These data demonstrated that the plant-based expression system is a robust production platform for generating idiotypic vaccines and that the resulting scFvs induced immune responses in a relevant mouse model. Furthermore, our transient plant-virus expression system could generate vaccines in less time than required with some animal cell-based approaches (31) .
To establish the safety and immunogenicity of plant-produced scFv idiotype vaccines in patients, tumor-derived variable regions were cloned from patients and expressed as scFvs in plants. Chemotherapy-treated follicular lymphoma patients were vaccinated s.c. with purified scFv antigen at either 0.2 or 2.0 mg per dose, with or without 250 g of the adjuvant GM-CSF administered s.c. next to the immunization site. The low dose of vaccine (0.2 mg) was selected because it represented the molar-equivalent idiotype dosage present in predecessor Ig-KLH idiotype vaccines; for determination of safety, a 10-fold higher dose (2.0 mg) was also included in the study. Thus the aim of this study was to rapidly produce well characterized, patient-specific lymphoma vaccines in plants and demonstrate their safety and immunogenicity.
Results
Patients. The study was approved by the Institutional Review Board of the Stanford University Medical Center and was conducted under Food and Drug Administration IND 9283, sponsored by Large Scale Biology Corporation. All patients provided written informed consent. Of 27 patients who provided tissue for vaccine production, 23 were enrolled, and 16 patients completed the trial. Seven patients were excluded because of disease progression (three cases) or insufficient vaccine production (four cases). All 16 patients (Table 1) in this study had follicular B cell lymphoma, grade I or II based on the REAL/WHO classification (6, 32) , and had received no prior therapy for lymphoma. Fourteen of the 16 subjects were Ann Arbor Stage IV, with the remainder being Stage III. All pathology was reviewed at Stanford University Medical Center. All patients required treatment for their lymphoma, as judged by the physician. Of the 16 subjects enrolled, 9 were female and 7 were male, with a mean age of 50 years (range 30-64). Fifteen subjects were Caucasian and one was Hispanic.
Vaccine Production. Cloning of the lymphoma tumor-specific heavy and light chain genes and the scFv into a tobacco mosaic virus (TMV) transient expression vector was successful for 100% of patients attempted (27 of 27 cases). Twenty-three of the 27 scFv vaccines (85%) were expressed and purified at sufficient yields for the clinical protocol requiring either high (2.0 mg) or low (0.2 mg) dosages. All 16 vaccines were released by quality assurance after meeting the product specifications established by FDA current good manufacturing practice (CGMP) guidelines [supporting information (SI) Table S1 ]. All vaccines were manufactured within the 6-month window after each patient completed their chemotherapy.
Of the 16 vaccines produced, 15 contained at least one N-linked glycan structure at putative sites coded in the heavy chain variable region as determined by MALDI-TOF mass spectral analysis ( Table 2 ). Of the 15 glycosylated scFv proteins, 7 had fully occupied one available site (patients 2, 3, 14, and 15) or two sites (patients 1, 5, and 11) predicted by sequence analysis. In the remaining 8 of 15 glycoprotein vaccines, mixtures of species comprised of zero and one (patient 9), one and two (patients 4, 7, 8, 10, and 12), or two and three (patients 6 and 13) sites of glycosylation were observed (33) . The variable region genes from patient 16 did not encode a glycosylation site and therefore that polypeptide was not glycosylated. Differences in the sizes of the scFv proteins and the number of stained band, due primarily to differences in glycosylation, could be seen by SDS/PAGE separation (Fig. S1 ).
Study Design. This phase I study was designed to evaluate the safety and immunogenicity of two dose levels of the study vaccine with and without GM-CSF. Vaccination was started Ϸ6 months after the last cycle of chemotherapy and given monthly for a total of six doses by s.c. injection (0.5 ml). As indicated, GM-CSF was given as an adjuvant in a site adjacent to the vaccine injection site on the day of the vaccination and for three consecutive days following. Patients were evaluated in clinic at days 1, 2, and 3 after each vaccination and by telephone on day 7. Long-term follow-up visits were scheduled at Months 9, 12, 18, 24, 30, and 36.
Fourteen of 16 patients were vaccinated within the planned 6-to 10-month time period postchemotherapy as specified by the clinical protocol. Patient 4 was vaccinated 11 months after chemotherapy due to a biopsy performed to confirm tumor progression in the mediastinum. Patient 16 was vaccinated 12 months after chemotherapy due to the need to integrate a metal affinity purification step for vaccine production. Three patients (3, 4, and 16) had minor progressive disease that did not require additional chemotherapy before starting vaccination and were allowed to continue treatment as protocol exemptions. Fifteen of the 16 patients received all six vaccinations, and patient 5 received four vaccinations before withdrawing due to disease 
LDH, lactate dehydrogenase; FLIPI, Follicular Lymphoma International Prognostic Index; PR, partial remission; CR, complete remission; CRu, complete remission unconfirmed, PD, progressive disease. *Chemotherapy response status after chemotherapy prior to vaccination.
† Bone marrow status indicates the presence of tumor cells in bone marrow at staging/pre-vaccine/post-vaccine; other variables shown are from time of staging prior to therapy.
progression. All 16 patients were evaluated for safety, immune responses, and clinical outcome. Seven of eight subjects in the GM-CSF group received all of their doses. Patient 15 received GM-CSF with only dose 1 due to development of a migraine headache with the initial injection and was subsequently switched to the high-dose group (no GM-CSF) to complete the study.
Safety. The 16 individualized scFv vaccines were well tolerated by all patients. There were no serious adverse events observed during the study, and no patient withdrew from the study due to an adverse event caused by the vaccine (Table 3) . One patient (15) discontinued receiving GM-CSF as described but successfully received all six vaccinations in the high-dose group without further event. Thirteen of 16 patients remain alive with a median follow-up of 78 months. Patients in groups A and B, who received scFv vaccine without GM-CSF, tolerated the vaccine with minimal local or systemic adverse events. Two subjects had temporary, mild injection-site reactions, and several subjects reported flu-like symptoms during the week after vaccination. These complaints were graded mild to moderate in severity and did not interfere with daily activities.
All of the patients who received GM-CSF with the vaccination reported reactions at the injection sites and mild to moderate flu-like symptoms. Some local reactions were graded as severe in intensity; however, all were resolved within a few days of vaccination and were consistent with the safety profile of GM-CSF at this dose and route of administration. One patient (11) developed hives and wheezing more than 7 days after receiving dose 6 with GM-CSF, but these symptoms resolved within 1 day and were not attributed to the vaccine due to the timing of onset.
Immune Responses. Blood was collected from each patient before the first vaccination and 28 days following each of the six vaccinations. Humoral immune responses were evaluated by using patient sera in an scFv antigen capture ELISA, and cellular responses were evaluated by in vitro proliferation of peripheral blood lymphocytes (PBL) to the scFv antigen compared to prevaccine samples. Responses that were 2-fold higher than background were considered positive (7 of 16 or 44%), and responses that were 2-fold higher than two different irrelevant scFvs were considered antigen specific (3 of 16 or 19%) . A summary of immune responses is presented in Table  4 . A representative example of a specific humoral response after the third immunization is shown in Fig. 1A . Here, the serial dilutions of the immune sera titered against the relevant idiotype scFv exhibit 2-fold higher OD values as compared to irrelevant idiotype scFv. Because we did not have rescue hybridoma protein for the majority of these patients, we were not able to address the relevance of these reactions to the actual tumor idiotype.
Cellular responses (T cell proliferation) were measured in 11 of 16 patients (69%), of which 6 (38%) were specific to the patient scFv. Fig. 1B illustrates a specific cellular response starting after the second immunization (prevaccine 3) and sustained at high levels up to 7 months after vaccine. To our knowledge, such sustained, high-level cellular proliferative responses have not been observed in previous vaccine trials.
Of the 11 patients who had cellular responses, seven of these patients also had a humoral response (34) , and most cellular (7 of 11) and humoral (6 of 7) responders received the vaccine in conjunction with GM-CSF, suggesting an important role for GM- CSF in this system. Conversely, all patients who generated a humoral response also generated a cellular response (Table 4 ). In groups that received vaccine with GM-CSF, five of seven patients (71%) had a specific cellular response and two of seven (29%) showed a specific humoral response. Although the overall immune response rate was 69%, only 44% of patients met antigen-specific response criteria, based on a lack of reactivity with irrelevant scFvs.
Clinical Outcomes. Thirteen of 16 patients were in remission at the time of vaccination, and three were vaccinated with minor progressive disease not requiring treatment. Currently, 13 of the 16 patients remain alive with a postchemotherapy follow-up of 24-89 months (median of 78 months). One patient (patient 7) from the original cohort remains in remission since the original treatment. Patients 2,#10, and 13 died at 52, 47, and 24 months, respectively, after completion of chemotherapy. Patients 2 and 13 had disease at the time of death; patient 10 died due to graft-versus-host disease after a subsequent bone marrow transplant. The median time to progression was 23.5 months, with no obvious differences between patients with or without an immune response. All other patients progressed at varying times and went on to receive additional treatment. Patient 9, who had a sustained specific cellular immune response, exhibited disease regression while on observation and maintained this complete remission for 3 years after the final vaccine.
Discussion
This study reports the parenteral administration of a plantproduced vaccine in humans. Plant-produced scFv idiotypic glycoprotein vaccines were well tolerated, safe, and immunogenic in a majority of patients. Only minor adverse events, primarily at the site of injection, were observed in this study, and these reactions were attributed to the coadministration of the GM-CSF adjuvant. Although the group sizes in the study do not allow statistical evaluation, the high percentage of responses observed in the GM-CSF groups suggests that the use of adjuvant is important. The augmenting effect of GM-CSF is in agreement with data from clinical investigations on the immunogenicity of idiotypic mAbs conjugated to KLH (35) . Although the scFv vaccine design comprises a relatively small protein that is only a fraction of the size of a full-size Ig molecule, the idiotype scFv was shown to induce an immune response in a high percentage of the patients (11 of 15 or 73%). Moreover, over half (6 of 11) of the responders were characterized as having a specific immune response, as measured by reactivity with relevant scFv idiotype but not irrelevant scFv. Interestingly, no responses were obtained in the high-dose group (2.0 mg per dose) in the absence of the adjuvant GM-CSF, whereas the four low-dose patients all achieved immune responses without GM-CSF, a likely consequence of the small sample size. Three irrelevant scFv targets were also used to establish specificity of the response, as indicated. Sera were diluted 2-fold, and reactivity was determined by anti-human IgG-HRP followed by ABTS development. OD was measured by using a SpectraMax plate reader, and data were plotted by using Excel. (B) Positive, sustained cellular proliferation response after vaccination. Patient 9 received low-dose scFv vaccine with GM-CSF. After the PBMCs were stimulated with relevant (scFv) at 0.5, 5.0, or 50 g/ml or irrelevant (Ir1 or Ir2) scFv at 50 g/ml. A specific positive cellular response was measured prevaccine 3 that was sustained to 7 months postimmunization.
These are the first immune responses observed against a s.c.-administered idiotype vaccine in the absence of a highly immunogenic carrier protein, such as KLH. Our data indicate that 3 of 16 patients mounted a vaccine-specific humoral immune response. Although this number is low, it is comparable to a cohort in another study reported by Timmerman (36) in which hybridoma-produced Ig was introduced into dendritic cells before vaccination without KLH conjugation. In that study, only 1 of 12 patients had an anti-Id specific humoral response. Both our study and the Timmerman study suggest that KLH may be an important vaccine component to stimulate anti-idiotype-or anti-vaccine-specific antibody responses.
KLH carrier protein was not used in this study in order to establish the safety of the plant-produced products in patients in the absence of such a conjugate and because tumor protective immune responses were observed without KLH in animal models of lymphoma (27) . In human studies where KLH conjugation was used, overall humoral response rates were higher, such as the response rate of 41% (17 of 41) reported by Hsu (21) and 65% (13 of 20) reported by Inoges (29) . However, these two studies used additional adjuvants, complicating direct comparisons. The remaining cohort in the Timmerman study also showed a higher humoral response rate of 46% (6 of 13) when KLH conjugation was used. Combined with GM-CSF adjuvant, scFv-KLH conjugates could also constitute more effective vaccines.
Interestingly, in contrast to the low number of humoral responses, the majority of patients mounted a cellular response, and most cellular immune responses were detected after only the first or second dose of vaccine (in 9 of 16 patients), with one response detected after the third dose (Table 4) . Also, all three patients with progressive disease during this trial were able to mount an immune response. Previous studies rarely reported responses after a single vaccination or in patients with existing tumor burden. We have also observed continuing and durable immune responses in some patients (for example, patient 9; Fig. 1B) , in contrast to previous vaccine trials. In fact, the scFv idiotypic subunit design, which lacks the highly conserved constant regions, may have been paramount in the rapid and sustained induction of immune responses, because the presence of conserved constant region sequences may present a higher threshold for obtaining antigen-specific immunity (37, 38) .
Although it could be postulated that both cellular and humoral immune responses might have been generated against neoantigens created by linker-variable region fusions, this is unlikely for several reasons. First, nonspecific humoral responses were measured by reading above-background immune responses to nonvaccine scFv that have similar framework regions but nonidentical linker sequences, which argues against immunity to linker sequences. Second, the amino acids in this selected linker composition (STAG) are highly unfavorable for MHC class I or II epitope binding, whereas hydrophobic, charged, or cyclic amino acid anchor residues are favored for optimal MHC interaction (39, 40) although this cannot be absolutely ruled out.
It has also been hypothesized that the presence of plant-specific glycan structures in the vaccines could affect the speed and specificity of the immune responses. However, immune responses were detected in the one patient immunized with nonglycosylated scFv (patient 16; Tables 2 and 4 ) and in one (patient 10) of two patients (patients 5 and 10) that were immunized with vaccines that contained no plant-specific carbohydrate linkages but did contain the core mannosyl terminal structure (GlcNAc 2 -Man 3 ) conserved between mammalian and plant glycans. Compositional analysis of the remaining 13 glycosylated vaccines (data not shown) found plantspecific glycans with the predominant structures GlcNAc 2 -Man 3 , GlcNAc 2 -Man 3 -GlcNAc 1 , and GlcNAc 2 -Man 3 -GlcNAc 2 . Each structure contained plant-specific carbohydrate linkages, ␣ (1,3) fucose and ␤ (1,2) xylose, attached to the first GlcNAc residue or the branching mannose residue, respectively. Nine patients receiving vaccines with plant-specific carbohydrate linkages mounted measurable immune responses, and six were deemed specific, by lack of reactivity to other irrelevant scFvs containing similar plant glycan content. The remaining four patients who received vaccines with plant-specific glycan structures showed no measurable immune responses. Taken together, these results strongly suggest that the immune responses were not directed toward plant-specific glycan structures but rather to the idiotype sequence itself and that the adjuvant effects of GM-CSF were the most relevant variable regarding whether a patient responded to the vaccine.
Several conclusions can be drawn from the study. First, there was no obvious advantage to a high dose (2.0 mg) of the vaccine versus the equivalent full-Ig molar dose of 0.2 mg. Secondly, the addition of GM-CSF as an adjuvant was safe and resulted in an apparent higher frequency of immune responses. All seven patients who received their planned dosing of GM-CSF mounted an immune response, whereas only four of eight in the non-GM-CSF arms mounted an immune response. In these patients, the immune response data showed no correlation with clinical outcome because there was no difference in median time to progression (23.5 months) between immune responders and nonresponders, comparable to the time to progression expected for follicular lymphoma patients after standard chemotherapy (2, 6) . No comparative conclusions about vaccine efficacy can be made, and efficacy was not a priority or an endpoint in this study. Clearly, changes in vaccine formulation, such as conjugation to KLH, may significantly improve clinical responses to scFv vaccines either by extending duration of antigen presentation or by improving the immune stimulatory context of antigen presentation.
The transient plant-viral expression system used to produce the vaccines applied in these clinical studies can rapidly produce the needed amounts of idiotype vaccine. Under CGMP manufacturing, using only manual methods and without optimizing production efficiency, we were able to generate patient-specific scFv typically within 12-16 weeks of receiving biopsy specimens. Rapid manufacturing has a direct impact on the population of patients that could be served by these vaccines, including follicular NHL patients that are newly diagnosed and have not yet received conventional (immunosuppressive) chemotherapy and/or immunotherapy. The longer times required to produce personalized vaccines when using animal cell approaches restrict these vaccines to use in second-line or adjuvant therapy (41, 42) . Thus, vaccines produced by transient expression in plants could reach a larger population of NHL patients.
We have documented the safety of plant-produced idiotypic vaccines in NHL patients and their ability to induce tumor-specific immune responses, without the universally used KLH carrier. The idiotype vaccines' subunit design, lacking constant region, may have contributed to improved immunity to self antigens, even in patient cohorts vaccinated without adjuvant. Thus, plant-based production could provide a safe and effective alternative vaccine formulation with new features over those previously described. at each clinic visit, and CT scans were performed at 1 month after the sixth vaccination and then every 6 months for 30 months, or as clinically indicated.
Materials and Methods

Patients
Vaccine Production, Release, and Glycan Analysis. Production of scFv clones, plant inoculation, and scFv purification was carried out as previously described (28) and as shown in Fig. S1 . All scFv vaccines were manufactured under FDA CGMP guidelines, as presented in the SI Text. The quality of vaccine products was monitored by using CGMP quality control and quality assurance guidelines. Product release assays were used to assess product identity; tumor relevance, purity, and potency; and other product properties including safety (Table 1 and SI Text). The absence of infectious TMV vector was confirmed by local lesion assay using Nicotiana tabacum NN leaf inoculation methods. The quality of the vaccine products was also monitored during a 12-to 24-month stability study by using a subset of the product release tests used for clinical application (34) .
Glycan analysis, presented in Table 2 , was carried out as described in detail elsewhere (refs. 33 and 34; F.V., K.M.H., and E.L.W., unpublished data). Briefly, each patient's scFv sequence was analyzed for expected glycosylation sites based on the presence of an N-glycosylation sequence, Asn-X-Ser/Thr. Patient scFv protein was analyzed by MALDI-TOF mass analysis, and initially the number of glycosylation sites occupied were determined by the difference in mass from the expected amino acid weight (based on protein sequence and observed mass) divided by the average glycan mass of 1,220 Da. Glycosylation is also clearly observed in the differential migration of scFv proteins by SDS/PAGE analysis (Fig.  S1 ). Additional analyses by tryptic digestion of scFv protein to generate peptide fragments predicted to contain N-liked glycosylation sites were further analyzed by MALDI-TOF. The presence of glycan occupation was confirmed, and the mass of each glycan was established (33) . The exact composition of glycan identity will be presented elsewhere (43).
Vaccine Administration. Vaccine was administered at 0.2 mg or at 2.0 mg per dose, according to the assigned patient group (Table 4 ). The 0.2-mg dose is the molar equivalent of the whole Ig idiotype protein dose used in previous clinical studies (21) . Patients were divided into four cohorts of four patients each, with eight patients receiving the low dose and eight receiving the high dose. In each dose group, four patients also received GM-CSF. The vaccine was split into two 0.25-ml injections and given s.c. into each thigh, once a month for 6 months, with or without GM-CSF. GM-CSF was split into two s.c. injections administered at the vaccine site at a dose of 250 g on the day of vaccination and for each of three consecutive days thereafter.
Immune Response Assays. T cell proliferative responses were measured at baseline and monthly as described previously (21) . Peripheral blood mononuclear cells (PBMCs) were cultured in replicates of four at 50,000 cells per well of 0.2 ml containing media alone, patient scFv idiotype at four different concentrations (0.05, 0.5, 5.0, and 50 g/ml), or at least two irrelevant scFv proteins at three different concentrations (0.5, 5.0, and 50 g/ml). Cells were cultured for 3 days in media alone. On day 4, cells were split 1:2 into medium containing 5% FBS and 30 units/ml IL-2. Cells were pulsed 2 days later with 1 Ci per well of [ 3 H] and harvested, and thymidine incorporation was determined. A positive response was greater than twice background on two separate occasions. A specific response was greater than twice that of any irrelevant scFv tested. For patients exhibiting positive and specific responses, assays were repeated until negative. Antibody immune responses were measured by ELISA as previously described (27) . Positive and specific response criteria were the same as that used for cellular responses. Statistics analyses were performed with the GraphPad Prism software program. Time to progression and overall survival were measured from the end of the last chemotherapy cycle.
